Introduction {#sec1}
============

Mesenchymal stem cells (MSCs) are a kind of adult stem cells derived from the mesodermal germ layer, and it exists in bone marrow \[[@B1]\], adipose tissue \[[@B2]\], amniotic fluid \[[@B3]\], umbilical cord blood \[[@B4]\], placenta \[[@B5]\], and even menstrual blood \[[@B6]\]. Under the appropriate conditions, MSCs can differentiate into a wide range of cell types, such as neural cells \[[@B7]\], myocytes \[[@B8]\], hepatocytes \[[@B9]\], endothelial cells \[[@B10]\], and others. In addition, MSCs exhibit low expression of major histocompatibility complex (MHC)-I molecules and are negative for MHC-I \[[@B11]\], which is beneficial for the success of autologous and allogeneic transplantation. In view of their aforementioned advantages, MSCs are considered an ideal candidate for repairing or regenerating desired tissue at present \[[@B12],[@B13]\]. However, a series of researches revealed the self-renewal ability and multipotency of MSCs would decline and even lose along the consecutive passage *in vitro*, during which cellular senescence has been suggested to occur \[[@B14]\]. And cellular senescence further impedes the therapeutic potential of MSCs following MSC transplantation in diseased regions.

As one of the main bioactive components extracted from the Chinese herb Chuanxiong, tetramethylpyrazine (TMP), a para-dihydroxy derivative of ligustrazine \[[@B19],[@B20]\], has been reported to exhibit a neuroprotective effect \[[@B21]\], in addition to an anti-inflammatory \[[@B18],[@B24]\] and anti-aging effect \[[@B18],[@B21],[@B25]\] *in vivo*, and therefore, is widely used to reduce ischemic brain injury \[[@B26],[@B27]\] and acute spinal cord injury \[[@B28]\]. Nowadays, a large number of researches have demonstrated that TMP serves promoting roles in proliferation \[[@B29]\], in differentiation of cells cultured *in vitro* \[[@B25],[@B30]\], and in protection of cells from oxidative damage \[[@B31]\]. However, the findings of a number of studies are not in concordance with the aforementioned. For instance, Bi et al. \[[@B32]\] revealed that TMP-induced cell cycle arrest at the G~0~/G~1~ checkpoint and promoted a caspase activation-dependent mitochondrial apoptosis. Shen et al. \[[@B33]\] reported TMP significantly inhibited cell viability, migration, and invasion rate, and increased apoptosis by reducing Akt activity and by increasing the activity of caspase-3.

Based on these previous researches, it was estimated that the positive or negative effects of TMP on cell proliferation, lineage commitment, and apoptosis largely depended on its dosage and the duration of incubation with cells. To investigate this hypothesis, TMP was employed at different concentrations to culture rat bone marrow MSCs (bMSCs), and at various time points, cell viability, senescence, proliferation, cell cycle, and neuronal differentiation were examined to screen the appropriate TMP dosage and culture time. Meanwhile, the activity of NF-κB signaling in bMSCs exposed to TMP was monitored at different concentrations. Previous studies have revealed that the activation of NF-κB signaling accelerated tissue and cellular senescence \[[@B34],[@B35]\].

NF-κB, an important transcription factor (TF), is composed of five distinct subunits in mammalian cells: RelA (p65), RelB (p50), c-Rel, NFKB1, and NFKB2. It is usually inactive and is sequestered by endogenous inhibitor protein IκB \[[@B36]\]. The activation or inactivation of NF-κB depends to a great extent on IκB kinase (IKK). IKK consists of two catalytic subunits, IKKα/IKK1 and IKKβ/IKK2, and one regulatory subunit IKKγ/NEMO, serving a crucial role in regulating cell aging \[[@B37]\]. A series of pro-inflammatory factors, such as tumor necrosis factor (TNF) α (TNF-α) and interleukin (IL)-1β, have been indicated to activate the NF-κB signal pathway \[[@B38]\]. Once stimulated by these factors, adaptor proteins, including TRADD and TRAFs, acting as E3 ubiquitin ligases, have been reported to lead to ubiquitinoylation and degradation of NEMO \[[@B39]\], and meanwhile, TGF-β-activated kinase-1 (TAK1) \[[@B40]\] can be activated upon the stimulation of the pro-inflammatory factors, which further phosphorylates the catalytic subunit IKKβ. The phosphorylated IKKβ (p-IKKβ) in turn catalyzes the phosphorylation of IκB and p65 subunit. Rap1 acts as a regulator of the NF-κB signaling by promoting IKK-mediated phosphorylation of p65, leading to activation of NF-κB target genes, which was confirmed by overexpression and/or knockout of *Rap1* gene \[[@B41]\] has verified that Rap1 plays a vital role in regulating NF-κB signaling, during which Rap1 can stabilize IKK by its direct binding to IKKα and p-IKKβ, and trigger p65 release \[[@B42]\]. Hereby, p65 and p50 are subsequently transferred into the nucleus to promote the expression of its downstream target genes (such as inducible nitric oxide synthase, cyclooxygenase-2, and others), and further trigger cellular senescence \[[@B38],[@B39]\]. Therefore, the p-IKKβ and the phosphorylated p65 (p-p65) are regarded as activation markers of the NF-κB signaling pathway \[[@B44]\].

In conclusion, the aim of the present study is to promote TMP application in the field of neuronal regeneration by modifying MSCs, and to improve the therapeutic effects of MSC-mediated therapy.

Materials and methods {#sec2}
=====================

Animals and bMSC culture {#sec2-1}
------------------------

Three Sprague--Dawley (SD) rats 3--4 weeks old were purchased in Animal Center of Hebei North University. All animal treatments were performed under the unconsciousness by euthanasia with sodium amytal (intraperitoneal injection, 50 mg/kg body weight) to minimize animal suffering. The rat hind legs were dismembered, and bMSCs were isolated from the femurs. After experiment the dead bodies of animals were treated by the Experimental Animal Center of Hebei Northern University. All animal experiments were approved by the Animal Ethics Committee of Hebei North University (Approval Number: 2018-1-9-05). Cell culture was conducted using low Dulbecco's modified Eagle's medium (L-DMEM) (Gibco) and 10% fetal bovine serum (FBS; Gibco). All cells were seeded into culture flasks and cultured at 37°C with 5% CO~2~. Once the cell monolayer reached 80--90% confluence, the cells were trypsinized with 5% trypsin for subculture.

In order to exhibit the morphology of bMSCs clearly, Diff-Quick staining agent (Beijing Propbs Biotechnology Co., Ltd.) was used to stain the bMSCs at passage 4 (P~4~), in accordance with previous research \[[@B45]\]. Following washing with PBS, images were obtained under the multifunctional fluorescent microscope (×200) (Eclipse 90i; Tokyo Nikon Corporation).

Cell authentication {#sec2-2}
-------------------

Cell authentication was performed through immunofluorescence staining and flow cytometry (FCM) (Becton-Dickinson, U.S.A.) equipped with FACSDiva analytical 8.0.1. software (BD Biosciences). Briefly, bMSCs (10^6^ cells/ml, 1 ml) at P~4~ were respectively incubated with the following antibodies (1 μl): Fluorescein isothiocyanate (FITC)-IgG, allophycocyanin (APC)-CD90 and FITC-CD45 (BD Bioscience) for 30 min in the dark at room temperature. Positive cells were detected by FCM. Meanwhile, cells were seeded onto the culture slides and immunofluorescence staining was performed. When cells reached 80--90% confluence, the cells were fixed with 4% paraformaldehyde for 15 min and blocked with 2% bovine serum albumin (BSA; Shanghai Sangon Biotech Co., Ltd.) for 1 h at room temperature. And subsequently, cells were stained with the aforementioned antibodies in the dark for 30 min at room temperature. Following PBS wash, images were captured under a fluorescent microscope. The cells that were stained with FITC-IgG were regarded as the isotype control.

TMP treatment and cell viability assay {#sec2-3}
--------------------------------------

Following cell authentication, the subculture was carried out until bMSCs got up to passage 7 (P~7~). bMSCs at P~7~ were subsequently cultured using conditioned media consisting of complete medium and different TMP concentrations (0, 20, 30, 40, 50, 60, 70 and 80 mg/l) for 1, 2, 4, 6, and 8 days. The medium containing 0 mg/l TMP (purity \> 98%; Shanghai Meryer Chemical Technology Co. Ltd.) was the complete medium and was used as the control.

In order to screen a suitable TMP concentration and incubation time, the cell counting kit-8 (CCK-8) kit (Shanghai Yeasen BioTech Co., Ltd.) was utilized to detect cell viability, according to the manufacturer's protocols. Cells (1 × 10^3^) in 100 μl complete medium were plated in 96-well plates per well. Subsequent to the cells adhering to the culture plates, the used medium was replaced with the conditioned media, and incubation was maintained for the duration of the aforementioned time points. Following cells being rinsed with PBS in duplicate, 10 μl CCK-8 solution in 100 μl L-DMEM was added and incubation was maintained for an additional 2 h at 37°C with 5% CO~2~. The optical density (OD) values were measured with a microplate reader (Bio-Rad Laboratories, Inc., U.S.A.) at a wavelength of 450 nm.

Senescence-associated β-galactosidase staining {#sec2-4}
----------------------------------------------

The increased senescence-associated β-galactosidase activity (SA-β-gal) is a consequence of the senescence \[[@B46]\], and SA-β-gal staining was regarded as one of the best-characterized and most convenient methods to measure cell senescence. SA-β-gal staining kit (Shanghai Beyotime Institute of Biotechnology, Co., Ltd.) was used to determine the aging situation of bMSCs, according to the manufacturer's protocols. A total of 200 μl bMSCs at P~7~ were seeded in 24-well plates at a density of 5 × 10^3^ cells/well and cultured for 4 days in their respective media. At room temperature, cells were fixed with 4% polyformaldehyde for 15 min at ∼60% confluence. Subsequently, SA-β-gal staining solution (10 μl solution A, 10 μl solution B, 930 μl solution C, and 50 μl X-Gal reagent) was added and incubated overnight at 37°C in a water bath. Blue color represented the SA-β-gal-positive cells. The senescent rate was counted under a phase-contrast microscope (Eclipse 90i; Nikon).

NF-κB signaling analysis using Western blot assay {#sec2-5}
-------------------------------------------------

Western blot assay was used to analyze the protein quantities of p-IKKβ and p-p65. A total of 200 μl bMSCs were sown in six-well plates at a density of 5 × 10^4^ cells/ml. Following adherence culture, bMSCs were treated with TMP as aforementioned, from which total protein was extracted using RIPA lysis buffer (Beijing Applygen Technologies, Inc.). The bicinchoninic acid assay kit (Shanghai BestBio Biotech, Co., Ltd.) was used, according to the manufacturer's protocols to determine the protein concentration. Protein (15 μg) from each sample mixed with loading buffer was loaded on to the 12% odium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE). Following electrophoresis, protein bands were electrotransferred on to the polyvinylidene difluoride (PVDF) membranes and the membranes were blocked with 10% dry milk for 1 h at room temperature. In addition, incubation with the rabbit anti-rat primary antibodies (dilution, 1:2000; Beijing Bioss Biotechnology Inc.): p-IKKβ, p-p65 and anti-β-actin was maintained overnight at 4°C in a refrigerator. Subsequently, the membranes were washed in triplicate with PBS-T (PBS with 0.1% Tween-20), and incubated subsequently with HRP--conjugated goat anti-rabbit secondary antibody (dilution, 1:3000; Bioss) for 1 h at room temperature. Finally, the PVDF membranes were visualized using enhanced chemiluminescence detection reagent (Beyotime), according to the manufacturer's protocols, for 3 min at room temperature in the dark. The visualization of protein bands was achieved through Gel Imaging System (Aplegen; Gel Co., Inc., U.S.A.). The band densities were selected between three and five independent blots representing the content of each protein sample. The amount of β-actin was used as the internal control.

Detection of pro-inflammatory factors by enzyme-linked immunosorbent assay {#sec2-6}
--------------------------------------------------------------------------

Enzyme-linked immunosorbent assay (ELISA) kits (Wuhan Mskbio., Co., Ltd.) were used to detect the quantities of TNF-α and IL-1β secreted into the cell supernatant. The bMSCs were exposed to the same volume of condition media for 4 days. A total of 100 μl cell supernatant per group was added into the coated wells and incubated at 37°C for 2 h. Subsequently, the wash buffer was used to rinse the reaction plate five times. Thereafter, the first antibody working solution (100 μl) was added into the reaction wells, maintained for 1 h at 37°C, and washed as aforementioned. A total of 100 μl enzyme--conjugated antibody working solution was added, kept at 37°C for 30 min, and subsequently washed. In addition, 100 μl substrate working solution was added at 37°C for 15 min. Finally, 100-μl stop solution was added. Following 30 min of incubation, the OD values were determined using a microplate reader at a wavelength of 450 nm.

EdU incorporation assay {#sec2-7}
-----------------------

EdU Imaging kit (Nanjing KeyGen Biotech Co., Ltd.) was used, according to the manufacturer's protocols to detect TMP roles in bMSC proliferation. A total of 200 μl bMSCs at P~7~ were seeded in 24-well plates (7 × 10^3^ cells/well). After 6 h of adherence culture, bMSCs were exposed to TMP treatment as stated above. A total of 10 μl 5-ethynyl-2′-deoxyuridine (EdU) (20 μM) was added and incubated for 24 h at 37°C with 5% CO~2~. The cells were fixed with 4% polyformaldehyde for 15 min at room temperature. kFluor488 azide reagent and Hoechst33342 (0.5 μg/ml; Beyotime) were used to stain the nuclei for 15 min at room temperature. The images were captured under a fluorescence microscope.

Cell cycle detection {#sec2-8}
--------------------

The bMSCs at P~7~ were incubated with conditioned media for 4 days prior to propidium iodide (PI; Beyotime) staining. The cells were subsequently collected and rinsed two times with PBS. Following centrifugation at 1500 rpm for 5 min at room temperature, the supernatant was discarded. And then the cells were treated to fixation with 2 ml pre-cooled 70% ethanol, 1500 rpm centrifugation for 5 min and PBS wash for three times. Thereafter, 20 μg/ml RNase A solution was added and incubated at 37°C for 30 min. Following PBS wash and centrifugation, cell pellet was re-suspended using 50 μg/ml PI working solution and incubated for 30 min in the dark at room temperature. At last, cell cycles were analyzed through FCM.

Neuronal differentiation and immunocytochemistry staining {#sec2-9}
---------------------------------------------------------

After 4 days of TMP pretreatment, bMSCs were induced to differentiate into neuron-like cells using neuronal induction medium (NIM), composed of DMEM/F12 (Gibco), plus 20 μg/l nerve growth factor (NGF; Wuhan Hiteck Biological Pharma, Co., Ltd.) and 20 μg/l brain-derived neurotrophic factor (BDNF; Sangon). The differentiation differences among these TMP concentrations were compared on days 1, 3, 5, and 7 following induction.

For identification of the differentiated neuron-like cells, immunocytochemistry staining was performed. At room temperature, the differentiated cells were fixed with 4% polyformaldehyde for 15 min, and permeabilized with 0.3% (v/v) Triton-X 100 (Beyotime) for 30 min. Subsequently, 3% H~2~O~2~ was used to inactivate endogenous peroxidase for 10 min and 5% BSA was used to block non-specific proteins for 1 h. The primary rabbit anti-rat antibodies (dilution, 1:500; Bioss), Neuron-specific enolase (NSE) and Microtubule-associated protein-2 (MAP-2) were added and incubated overnight at 4°C. In addition, the cells were rinsed three times with PBS and incubated with Biotin--conjugated goat anti-rabbit secondary antibodies (dilution, 1:500; Bioss) for 1 h at room temperature. Subsequent to PBS rinse in triplicate, strept avidin--biotin complex (SABC; Wuhan Boster Biological Technology, Co., Ltd.) reagent was added and the mixture was incubated for 20 min at room temperature. At last, the DAB method was used for staining the positive cells.

To detect the expression profiles of neuronal basic helix-loop-helix factors {#sec2-10}
----------------------------------------------------------------------------

To further estimate the effects of TMP on neuronal differentiation of bMSCs, the expression changes of neuronal basic helix--loop--helix (bHLH) factors, including neurogenin 1 (Ngn1), mammalian achaete--scute homolog 1 (Mash1) and neuronal differentiation 1 (NeuroD) were measured using quantitative real-time polymerase chain reaction (qRT-PCR). Following exposure to NIM for 1, 3, 5, and 7 days, the cell samples were collected, from which total RNA was extracted using TRNzol reagent (Beijing Tiangen Biotech Co., Ltd.), according to the manufacturer's protocol. The extracted RNA was suitable for use when the OD values were between 1.9 and 2.0 at a wavelength of 260/280 nm. A total of 2 μg total RNA was reverse transcribed into cDNA using the First-Strand cDNA Synthesis kit (Tiangen), according to the manufacturer's protocol. The synthesized cDNA served as the template for qRT-PCR. The qRT-PCR amplifications were performed using the Premix Taq PCR kit (Dalian Takara Biotechnology Co., Ltd.), and their thermocycling conditions were set as follows: initial denaturation step at 94°C for 5 min, followed by 30 cycles at 94°C for 40 s, 55°C for 40 s and 72°C for 2 min, and one cycle at 72°C for 10 min. The expression levels of these three genes were normalized to β-actin. The results were expressed as fold-change compared with the control using the 2^-ΔΔ*C*q^ method \[[@B47]\]. The primer sequences are presented in [Table 1](#T1){ref-type="table"}.

###### qRT-PCR primers and their information

  Genes       Primers (5′→3′)             *T*~m~   Fragment length
  ----------- --------------------------- -------- -----------------
  *Ngn1*                                           
  Sense       CGGCCAGCGATACAGAGTCC        59°C     191 bp
  Antisense   GTACGGGATGAAGCAGGGTG                 
  *Mash1*                                          
  Sense       GGCTCAACTTCAGTGGCTTC        55°C     291 bp
  Antisense   TGGAGTAGTTGGGGGAGATG                 
  *NeuroD1*                                        
  Sense       TCAGTTCTCAGGACGAGGA         59°C     366 bp
  Antisense   AGTTCTTGGCCAAGCGCAG                  
  *β-actin*                                        
  Sense       TCACCCACACTGTGCCCATCTATGA   56°C     246 bp
  Antisense   CATCGGAACCGCTCATTGCCGATAG            

To verify the qRT-PCR results mentioned above, Western blot was performed, and the cell samples treated with 40 mg/l TMP were chosen. Namely after 4 days of treatment with 40 mg/l TMP, cells were exposed to NIM for 1, 3, 5 and 7 days from which protein samples were extracted for Western blot. All procedures of Western blot were the same as above, except the primary antibodies. Here, the rabbit anti-rat primary antibodies: anti-Ngn1, anti-NeuroD and anti-Mash1 (dilution, 1:500; Bioss) were used.

Statistical analysis {#sec2-11}
--------------------

SPSS 17.0 software (SPSS, U.S.A.) was used to analyze data. All data were expressed as mean ± standard deviation. Homoscedasticity of primary data was first detected using Levene's test, and variance was demonstrated to be homogeneous. One-way analysis of variance (ANOVA) was applied to determine the significant difference among multiple groups. Pairwise comparisons between different groups were performed using Tukey's post hoc significance test. *P*\<0.05 was considered to indicate a statistically significant difference. All data were obtained from experiments performed at least in triplicate.

Results {#sec3}
=======

bMSC morphology and Diff-Quick staining {#sec3-1}
---------------------------------------

Following primary culture for 24 h, a number of cells became adherent, and exhibited a triangular, spindle-shaped or fibroblast-like morphology ([Figure 1](#F1){ref-type="fig"}A). However, once the cell monolayer reached 80--90% confluence, the cell arrangement was not orderly and cell morphology was indicated to be irregular ([Figure 1](#F1){ref-type="fig"}B). When subcultured to P~4~, the majority of attached cells exhibited a typical spindle-like shape at \>90% confluence ([Figure 1](#F1){ref-type="fig"}C). Diff-Quick staining made the spindle-like shape more visible, and all cells exhibited a homogeneous morphology ([Figure 1](#F1){ref-type="fig"}D).

![Morphological characteristics of bMSCs\
(**A**) Some of cells became attached after 24 h of primary culture. (**B**) The cell arrangement of primary culture. (**C**) Fourth-generation bMSCs exhibited a spindle-like morphology. (**D**) Fourth-generation bMSCs were stained with Diff-Quick solution. Scale bar, 50 μm.](bsr-39-bsr20190761-g1){#F1}

Cell authentication {#sec3-2}
-------------------

Determination of cell-surface antigen profiles of bMSCs was carried out through immunofluorescence staining and FCM. Cells stained with the isotype control antibody, FITC-IgG, were used as the control ([Figure 2](#F2){ref-type="fig"}A,B). The results indicated that the majority of cells were positive for CD90 ([Figure 2](#F2){ref-type="fig"}C,D) and negative for CD45 ([Figure 2](#F2){ref-type="fig"}E,F). According to the results derived from FCM, the rate of positive cells expressing CD90 and CD45 were 87.82 ± 5.23 and 19.80 ± 4.14%, respectively.

![Cell authentication through immunofluorescence staining and FCM\
The upper panel (**A**--**C**) showed cells were respectively stained with Ig-FITC (isotype control), CD90-APC, and CD45-FITC. The lower panel (**D**--**F**) showed immunophenotypes of bMSCs analyzed by FCM; \>87.82% cells were positive for CD90; and \>80% were negative for CD45. Scale bar, 50 μm.](bsr-39-bsr20190761-g2){#F2}

Cell viability assay {#sec3-3}
--------------------

CCK-8 assay revealed that compared with the control, TMP exhibited a dose- and duration- dependent effect on bMSC viability ([Figure 3](#F3){ref-type="fig"}). In the 20--40 mg/l TMP groups, cell viability was indicated to be increasing at all aforementioned timepoints (\**P*\<0.05 and ^\#^*P*\<0.01 vs. control). In particular, 4 days of incubation with 40 mg/l TMP significantly increased the viability, approximately 1.5 times higher than that in the control group. During the first 4 days, treatments with 50--60 mg/l TMP were indicated to enhance the bMSC viability; however, as the treatment progressed, the viability in these two groups began to drop (\**P*\<0.05 and ^\#^*P*\<0.01 vs. control). The viability was inhibited in the 70 and 80 mg/l TMP groups from the first day (\**P*\<0.05 and ^\#^*P*\<0.01 vs. control). Therefore, the experimental protocol that bMSCs at P~7~ were treated with 20, 30, 40, 50, and 60 mg/l TMP for 4 days was adopted in the following experiments.

![TMP exerts dose-/duration-dependent effect on the bMSC viability\
TMP with the concentrations of 20--60 mg/l could improve the cell viability with varying degrees after 4 days of incubation. \**P*\<0.05 vs. control, ^\#^*P*\<0.01 vs. control.](bsr-39-bsr20190761-g3){#F3}

Assay of bMSC senescence and NF-κB signaling activity {#sec3-4}
-----------------------------------------------------

SA-β-gal staining results indicated the senescence rate of bMSCs in the control group accounting for 23.74%, which was significantly suppressed by TMP treatment (\**P*\<0.05 and ^\#^*P*\<0.01 vs. control). As exhibited in [Figure 4](#F4){ref-type="fig"}A,B, there was a decrease in SA-β-gal positive cells in the 20, 30, 40, and 50 mg/l TMP treated groups, and particularly in 40 and 50 mg/l TMP groups (^\#^*P\<*0.01 vs. control), while 60 mg/l TMP exerted little effect on the anti-senescence.

![Measurement of cellular senescence using SA-β-gal staining and analysis of NF-κB signaling through Western blot\
(**A**) The senescent cells exhibited blue color under the phase-contact microscope. (**B**) Quantitative analysis of the senescent bMSCs. (**C**) Western blot results of p-IKKβ, p-p65 and β-actin. (**D,E**) Columns represented the RQ of p-IKKβ and p-p65 after 4 days of TMP treatment. \**P*\<0.05 vs. control, ^\#^*P*\<0.01 vs. control. Scale bar, 50 μm.](bsr-39-bsr20190761-g4){#F4}

Western blot analysis indicated that 20--50 mg/l TMP could decrease the relative quantity (RQ) of p-IKKβ (^\#^*P*\<0.01 vs. control; [Figure 4](#F4){ref-type="fig"}C,D). Similar to the change tendency of p-IKKβ RQ, a change pattern in the relative levels of p-p65 was observed along with changes of TMP concentration. In contrast with the control, the RQ of p-p65 was significantly decreased (^\#^*P*\<0.01 vs. control) when the bMSCs were exposed to 40 and 50 mg/l TMP ([Figure 4](#F4){ref-type="fig"}C,E).

Measurement of TNF-α and IL-1β contents {#sec3-5}
---------------------------------------

ELISA results indicated that the contents of TNF-α and IL-1β in the control group were higher compared with the other groups, which further confirmed the hypothesis that cellular senescence is accompanied with an inflammatory reaction \[[@B38]\]. The inflammatory reaction was alleviated by TMP treatment using the appropriate concentrations. As indicated in [Table 2](#T2){ref-type="table"}, 30--50 mg/l TMP significantly reduced the amount of these two inflammatory factors (\**P*\<0.05 and ^\#^*P*\<0.01 vs. control).

###### Measurement of TNF-α and IL-1β contents by ELISA (means ± SD, *n*=4)

  TMP (mg/l)   TNF-α (ng/l)      IL-1β (ng/l)
  ------------ ----------------- ----------------
  0            37.97 ± 1.86      12.47 ± 0.78
  20           35.06 ± 1.18      11.04 ± 0.71
  30           32.74 ± 0.84\*    10.25 ± 0.41\*
  40           25.29 ± 1.39^†^   8.32 ± 0.49^†^
  50           29.65 ± 0.78^†^   9.98 ± 0.25\*
  60           34.75 ± 1.54      11.07 ± 1.05

\* *P* \<0.05.

^†^*P*\<0.01 vs. control

Analysis of bMSC proliferation ability {#sec3-6}
--------------------------------------

Subsequent to incubation with EdU reagent for 24 h, images were captured under a fluorescent microscope ([Figure 5](#F5){ref-type="fig"}A). Green cells were labeled by EdU, and blue cells were labeled by Hoechst33342. As indicated in [Figure 5](#F5){ref-type="fig"}B, the rate of EdU-positive cells was associated with TMP dosage: 40 and 50 mg/l TMP significantly promoted proliferation (^\#^*P*\<0.01 vs. control); the effect of 30 mg/l TMP was slightly less, however, its EdU-positive rate remained higher compared with the control group (\**P*\<0.05 vs. control); and 20 and 60 mg/l TMP exhibited minimal effect.

![Analysis of TMP effects on proliferation ability of bMSCs and the cell cycles\
(**A**) Representative fluorescence microscopy images showing EdU staining of MSCs: cells labeled with EdU were green, and the blue ones were labeled by Hoechst33342. (**B**) The statistics of the percentage of EdU+ bMSCs in each group. (**C**) Analysis of cell cycle through FCM. (**D**) The statistics of the percentage of the proliferative cells. \**P*\<0.05 vs. control, ^\#^*P*\<0.01 vs. control. Scale bar, 50 μm.](bsr-39-bsr20190761-g5){#F5}

FCM analysis indicated that there was an increase in the bMSC percentage in the proliferative (S+G~2~+M) phase following TMP treatment (\**P*\<0.05 and ^\#^*P*\<0.01 vs. control). In the control group, the proliferation percentage of the cells was only 29.29 ± 2.57%, while TMP treatment for 4 days increased the proliferation rate of bMSCs. Following treatment with 40 mg/l TMP for 4 days, the proliferation percentage increased to 39.33 ± 2.39% ([Figure 5](#F5){ref-type="fig"}C,D), a higher fold-change of ∼1.3, compared with the control group (^\#^*P*\<0.01 vs. control). No significant differences were observed in the comparison between the 20 or the 60 mg/l TMP group and the control.

Neuronal differentiation and immunocytochemistry staining {#sec3-7}
---------------------------------------------------------

Observations of changes in cell morphology were initiated from the first day of neuronal differentiation induction. The pretreatment with 40 and 50 mg/l TMP gave rise to the maximum number of neuron-like cells following 5 days of induction. On the 7^th^ day of induction, the neuronal phenotypes of the differentiated cells in these two groups remained in a good state ([Figure 6](#F6){ref-type="fig"}A). All differentiated cells demonstrated overt neuronal appearance with retracted cell body, refractive karyon and one or more long cytoplasmic processes connected to one another to form network-like structures. On day 3 of induction, the majority of cells in the 60 mg/l TMP group exhibited the aforementioned morphology. However, the protruded dendrites and axons from differentiated cells became shorter between the first 5 and 7 days of induction ([Figure 6](#F6){ref-type="fig"}A). Apoptosis was indicated to take place at later differentiation stages in this group.

![Neural differentiation of bMSCs and immunocytochemistry identification\
(**A**) Microscopy images showing the morphology of differentiated cells after 7 days of induction. (**B**) Immunocytochemistry staining with antibodies of NSE/MAP-2 was performed to the groups of 40 and 50 mg/l TMP at the 7^th^ day of induction. Scale bar, 50 μm.](bsr-39-bsr20190761-g6){#F6}

After 7 days of neuronal induction, immunocytochemistry staining was performed to identify the differentiated cells in the groups of 0, 40, and 50 mg/l TMP. Compared with the control, almost all differentiated cells in these two groups were positive in both NSE and MAP-2, and appeared hyperchromatic ([Figure 6](#F6){ref-type="fig"}B), which indicated that 4 days of TMP pretreatment at 40 and 50 mg/l, plus 7 days of induction with 20 μg/l NGF + 20 μg/l BDNF, may lead bMSCs to develop into mature neuron-like cells.

Expression analysis of neuronal bHLH TFs using qRT-PCR {#sec3-8}
------------------------------------------------------

The qRT-PCR assay was applied to examine the expression changes of Ngn1, NeuroD, and Mash1 during the period of bMSC neuronal differentiation. As indicated in [Figure 7](#F7){ref-type="fig"}A,B, the change of expression patterns in Ngn1 and NeuroD were similar. In the 20--50 mg/l TMP groups, the expression levels of these two TFs gradually increased during the first 5 days of induction, and subsequently dropped on the 7^th^ day of induction. In addition, their expression levels in the 60 mg/l TMP group rapidly reached a peak on day 3 of induction, and declined thereafter. Compared with the control, the expression levels of Mash1 ([Figure 7](#F7){ref-type="fig"}C) were significantly enhanced in all groups during all time points; except the 60 mg/l TMP group, where the Mash1 expression level on the 7^th^ day of induction began to drop, which was believed to be associated with the cell death involved in the later stages of differentiation.

![qRT-PCR detection of the change patterns in the expression of bHLH TFs\
(**A**) The RQ of Ngn1 in different groups at days 1, 3, 5, and 7 after neural induction. (**B**) The RQ of NeuroD in different groups at days 1, 3, 5, and 7 after neural induction. (**C**) The RQ of Mash1 in different groups at days 1, 3, 5, and 7 after neural induction. β-actin served as an endogenous control gene. \**P*\<0.05 vs. control; ^\#^*P*\<0.05 vs. control.](bsr-39-bsr20190761-g7){#F7}

Western blot verification {#sec3-9}
-------------------------

To confirm the effects of TMP on the expression changes of three neuronal bHLH factors (Ngn1, NeuroD, and Mash1), the cells, pre-treated with 40 mg/l TMP and induced with NIM for 1, 3, 5, and 7 days, were selected for Western blot verification. The results of Western blot exhibited TMP treatment did affect the expression profiles of these three neuronal bHLH TFs ([Figure 8](#F8){ref-type="fig"}A,B), whose change patterns were similar to that of the qRT-PCR in 40 mg/l TMP group. The relative amount of Ngn1 and NeuroD was in the increasing state in the first 5 days of neural induction, and their quantities were approximately twice as much as that of the control. Mash1 was increasing in its protein content during the induction duration compared with the control, and its amount was increased more than two-times compared with control.

![The effects of pre-treatment with 40 mg/l TMP on the expression profiles of three bHLH factors (Ngn1, NeuroD, and Mash1) during neural differentiation\
(**A**) Western blot results of three bHLH factors on the 1^st^, 3^rd^, 5^th^ and 7^th^ days of induction. (**B**) Columns represented the RQ of Ngn1, NeuroD and Mash1 on the 1^st^, 3^rd^, 5^th^ and 7^th^ days of induction in 40 mg/l TMP group.](bsr-39-bsr20190761-g8){#F8}

Discussion {#sec4}
==========

MSCs were verified to possess a wide range of multiple therapeutic properties like tissue regeneration, anti-inflammatory, anti-apoptotic, anti-fibrotic, and immunomodulatory \[[@B48]\]. Therefore, transplantation of MSCs has been considered a promising regenerative strategy for some diseases, such as traumatic brain injuries, spinal cord injury, Parkinson's disease, and Alzheimer's disease. However, although MSCs are available from a variety of tissues, the quantity that can be obtained is relatively low. In order to meet the basic requirement of cell therapy protocols, MSCs need expansion *ex vivo* to obtain adequate quantities through successive subculture, which in turn is liable to trigger cell aging. Along with cellular aging, telomere shortening \[[@B49],[@B50]\], proliferation impairment \[[@B18]\], and low differentiation potential \[[@B14]\] have been reported in MSCs. A previous research reported that cellular senescence abrogated the therapeutic potential of MSCs, by inhibiting the lymphocyte-inhibitory activity of MSCs and reducing their migratory capacity in response to pro-inflammatory signals \[[@B51]\]. In addition, once they were transplanted into the lesion sites, a rapid time-dependent decrease in survival rate of the old MSCs engrafted was indicated \[[@B52]\].

Therefore, further investigations in the techniques involved for regulating the self-renewal and lineage commitment of MSCs is highly essential in regenerative medicine. To alleviate the cytotoxicity of chemical agents and reduce the experimental cost \[[@B53],[@B54]\], a number of researchers are focusing on the development of natural drugs, including a variety of herbs and their active ingredients, which have been reported to exhibit numerous protective effects on MSCs in numerous aspects \[[@B55]\]. In light of the beneficial effects of TMP on cells and organs, the present study attempted to use it to enhance the self-renewal and maintain the neuronal differentiation of bMSCs.

On the premise of ensuring cellular viability, the dosage effect of TMP on bMSC senescence was investigated with SA-β-gal staining. TMP dosage between 20 and 50 mg/l decreased the senescence rate of bMSCs. In order to examine the underlying mechanism of the aforementioned observations, the role of TMP was investigated in regulating the activity of NF-κB signaling in P~7~ bMSCs. It has been reported that NF-κB signaling is activated by a biochemical cascade, including cytokines, growth factors, and stress stimuli, and further activates a range of genes involved in immune and inflammatory responses \[[@B56]\], and in a number of physiological processes, including cellular growth, differentiation, and survival \[[@B57]\]. In accordance with previous studies \[[@B37],[@B58]\], ELISA results confirmed that senescent bMSCs may secrete abundant pro-inflammatory factors, including TNF-α and IL-1β, and these cytokines in turn activate their downstream NF-κB signaling pathways by binding to their respective receptors, TNFR and IL-1R. The activation of NF-κB signaling contributed to bMSC senescence as indicated in the present study. The secretion capability of TNF-α and IL-1β in P~7~ bMSCs may be suppressed by TMP. The decline of pro-inflammatory factor quantities caused by TMP contributed to inactivation of NF-κB signaling, by which TMP may delay the bMSC senescence phenotype. In fact, the anti-aging effect of TMP had been confirmed *in vivo* experiments \[[@B59],[@B60]\]. For instance, TMP treatment may elevate the activity of choline o-acetyltransferase and acetylcholinesterase (cartwright blood group), and increase muscarinic receptor binding sites in Alzheimer's disease model mice induced by [d]{.smallcaps}-galaclose, as the model mice's cognitive function, learning and memory were improved \[[@B60]\].

Proliferation assay indicated that 4 days of incubation with 30--50 mg/l TMP significantly enhanced the proliferation capability of bMSCs by promoting them to enter the proliferative stage, while TMP at a concentration of 20 and 60 mg/l exhibited a minimal effect. In accordance with previous research, the effect of TMP on cell proliferation was associated with its dosage, as TMP overdose (\>100 ng/ml) inhibited the proliferation of brain endothelial cells \[[@B32]\].

It was revealed that incubation *in vitro* with 30--50 mg/l TMP for 4 days maintained the self-renewal of bMSCs by enhancing cell viability, promoting proliferation, and resisting senescence. The aim of the present study was for the transplanted bMSCs not only to survive and replicate, but also to differentiate into local nerve cells for repairing injury. Therefore, the effects of TMP precondition on the neuronal differentiation of bMSCs were further examined. It was indicated that 40--50 mg/l TMP treatment facilitated neuronal differentiation, verified by presentation of the typical neuronal morphology and expression of the two important neuron-specific markers, MAP-2 and NSE. Meanwhile, the changes in expression of neuronal bHLH factors (Ngn1, NeuroD, and Mash1) were detected in differentiated cells using qRT-PCR and Western blot. As an important type of TFs, the active bHLH proteins can activate their downstream target genes involved in nerve differentiation, by binding to the E box-DNA response element \[[@B61]\], which is crucial in neuronal subtype specification in certain brain regions and in peripheral ganglia. The qRT-PCR results indicated that TMP pretreatment induced these three TFs to produce their individual expression patterns. In 20 and 30 mg/l TMP groups, Ngn1 expression levels were enhanced during the differentiation process, and the expression levels peaked on day 5 following differentiation in the 40 and 50 mg/l TMP groups. The profiles of NeuroD expression were similar to Ngn1s. Consistent with previous studies, proneuronal TFs, including Ngn1 and NeuroD, were mainly expressed in neuronal precursors and immature neurons to promote neurogenesis, and decreased in the late stage of neuronal differentiation of MSCs \[[@B62],[@B63]\]. Mash1 not only promoted neuronal differentiation, but also maintained the neuronal phenotype, and therefore, it was expressed in immature and mature neurons \[[@B64],[@B65]\]. Similar to these studies, the expression levels of Mash1 were increasing throughout the differentiation process in each group, except in the 60 mg/l TMP group where its expression decreased, which may be associated with the anti-aging effect exhibited by 60 mg/l TMP. And Western blot assay further confirmed the results of qRT-PCR. Namely, in 40 mg/l TMP group the change patterns in expression of these three bHLH factors were equal between qRT-PCR and Western blot.

Conclusion {#sec5}
==========

The concentration TMP at 40 and 50 mg/l significantly enhanced bMSC viability, and delayed the senescence of bMSCs by suppressing the activity of NF-κB signaling and reducing the levels of pro-inflammatory factors, including TNF-α and IL-1β. The anti-aging effect of TMP benefited to enhance the proliferative ability of bMSCs at P~7~ and to maintain their neuronal differentiation potential. The present study highlighted the promising application of TMP in MSCs-based therapy in regenerative medicine for neurological disorders.
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